The production rates and yields were investigated at 30 °C in a 2.3 l bioreactor operated in 19 batch and sequenced-batch mode using glucose and starch as substrates. In order to study the 20 precise effect of a stable pH on hydrogen production, and the metabolite pathway involved, 21 cultures were conducted with pH controlled at different levels ranging from 4.7 to 7.3 22 (maximum range of 0.15 pH unit around the pH level). For glucose the maximum yield (1.7 23 mol H 2 mol -1 glucose) was measured when the pH was maintained at 5. 
cultures were conducted with pH controlled at different levels ranging from 4.7 to 7.3 22 (maximum range of 0.15 pH unit around the pH level). For glucose the maximum yield (1.7 23 mol H 2 mol -1 glucose) was measured when the pH was maintained at 5.2. The acetate and 24 butyrate yields were 0.35 mol acetate mol -1 glucose and 0.6 mol butyrate mol -1 glucose. For 25 starch a maximum yield of 2.0 mol H 2 mol -1 hexose, and a maximum production rate of 15 26 mol H 2 mol -1 hexose h -1 were obtained at pH 5.6 when the acetate and butyrate yields were 27 0.47 mol acetate mol -1 hexose and 0.67 mol butyrate mol -1 hexose. 28
Introduction 32
Dependence on fossil fuels as our primary energy source is a significant cause of global 33 warming, environmental degradation, and health problems [1, 2] . Hydrogen (H 2 ) is a 34 promising energy vector for the future since CO 2 is not released during its combustion [3] [4] [5] . 35 At present hydrogen is produced by chemical methods, such as steam reforming or partial 36 oxidation of fossil fuels, which involve the release of large quantities of greenhouse gases into 37 the atmosphere. Biological hydrogen production by "dark-fermentation" of organic waste or 38 effluent is a promising means of producing renewable energy from waste products [6] . The 39 main means of producing hydrogen via dark-fermentation involve either facultative anaerobic 40 enterobacteriaceae or strict anaerobic bacteria of the geni Clostridium and Ruminococcus. 41
Enterobacteriaceae use formate, an intermediate of glucose metabolism, to produce hydrogen 42 through catalytic action of the formate hydrogen lyase complex with a theoretical yield of two 43 mol of hydrogen per mol of glucose consumed. The alternative metabolic pathway involving 44 strict anaerobic bacteria has a maximum yield of four mol of hydrogen per mol of glucose [4] . 45 Clostridia can extract energy from carbohydrates using various different metabolic pathways 46 which are promoted or inhibited by the prevailing culture conditions. Each pathway is 47 characterized by a specific metabolite such as acetate, butyrate, ethanol, lactate or formate. 48
The acetate and butyrate pathways are the only ones which involve the release of molecular 49 hydrogen, i.e. 4 mol hydrogen per mol glucose with acetate production and 2 mol hydrogen 50 per mol glucose with butyrate production. Thus the butyrate/acetate ratio can be used as a 51 reliable indicator of the efficiency of fermentative hydrogen production and of the metabolic 52 pathways used during glucose fermentation [7] . Collected liquid samples were centrifuged at 13000 g for 10 min and the supernatants 146 obtained were filtered through a 0.2 µm cellulose acetate membrane (Minisart Sartorius) and 147 analysed by HPLC for glucose, ethanol, lactate, acetate, formate and butyrate. The HPLC 148 analysis was carried out using an Agilent 1110 series (HP Chemstation software) with a 149
Supelcogel C-610H column preceded by a Supelguard H pre-column (oven temperature 40 150 °C), 0.1 % H 3 PO 4 (in milliQ water) as the isocratic mobile phase at a flow rate of 0.5 ml min (1)). 160
The proportion of hydrogen gas was determined using a gas chromatograph (GC) (Hewlett- 
172
The strain was isolated following the isolation procedure described in Material and Methods. 173
The bacteria were mobile and rod shaped and approximately 0.5-2 x 2.5-8 µm in size. Long 174 filaments were occasionally present. Endospores, when observed, were central or 175 Subsequently the production rate increased exponentially reaching a maximum level which 197 was maintained, for all the tests except those at pH 6.3 and 6.7, until substrate depletion. For all the pH levels investigated the final concentrations of lactate, acetate and butyrate were 211 in relatively narrow ranges, i.e. 8±1.5; 10.5±1.8 and 15±2 mM respectively. However formate 212 production increased from 6 mM to 31 mM with pH rising from 4.7 to 7.3. Although Wang et 213 al [25] obtained similar hydrogen and total VFA yields with a C. butyricum strain in a 1.5 l 214 bioreactor with pH maintained at 6.5, the main metabolite they analysed was lactate (60 mM), 215 followed by acetate (22 mM) and then butyrate (15 mM). Similar results for ethanol and VFA 216 concentration ranges at different pH levels were reported by Chen [21] with acetate as the 217 main metabolite followed by butyrate and ethanol. 218 219 As shown in Table 2 , the mass balance of glucose conversion into soluble metabolites is 220 limited to 70% ± 3% for the cultures carried out at pH levels below 6. This indicates that 221 about 30% of the glucose is converted into CO 2 and biomass. Assuming a mean 35% CO 2 222 content in the biogas [26] , the CO 2 contribution in the mass balance would be about 13%. 223
Therefore the biomass yield would account for 17% of the glucose consumed. Similar results 224 were obtained at pH levels higher than 6, in which the mass balance reached about 80% and 225 the CO 2 contribution was estimated to be 5 %. These results are in accordance with the 12% 226 calculated from Wang's data [25] . In addition biomass stabilisation was also apparent during 227 our experiments from the counts on a Bürker chamber : at the end of the cultures the biomass 228 population ranged, independently of pH, from 1.2 x10 8 to 2.5 x 10 8 cells per ml. 229
In the glucose metabolic pathways ethanol, formate and lactate productions indicate a lack of 230 potential hydrogen production. Therefore the potential for additional H 2 production can be 231 stoichiometrically estimated from the quantity of metabolite that was not converted in the 232 bioreactor [27], e.g. for lactate, 850 mL at pH 5.2 and 1200 mL at pH 6.7. Investigations into 233 ways of realizing this potential would advance the prospects for industrialization. 234 yield did not change markedly, the production rates decreased sharply. By contrast the 257 conditions tested in sequences 6 to 8 were favourable for H 2 production since the active 258 period stabilized at about 46 h. Also H 2 production rates increased again reaching levels 259 similar to those measured during sequence 1 and yields increased by about 50 %. The major cause for the decrease of production rate would be VFA inhibition. In fact as 264 indicated in figure 4 , the total VFA concentration measured at the end of sequence 5 was 265 twice as high as the value measured after the batch culture (sequence 1). The increase can be 266 mainly attributed to acetate and butyrate release that approaches a total of 90mM. The results 267 are consistent with the conclusions of Wang [25] who investigated the inhibitory effect of 268 metabolites on fermentative H 2 production in mixed cultures. They showed that performance 269 tends to decrease with increasing ethanol and VFA concentrations. Moreover acetate had the 270 highest inhibitory effect since H 2 production rate and yields dropped by 50% when the initial 271 concentration was increased from 50 to 100 mM and from 100 to 200 mM, respectively. 272
To better understand how each sequence contributed to the production of VFAs and ethanol, 273 the mass balance of glucose conversion into metabolites has been plotted in Table 3 They achieved higher H 2 yields with pure C. but. strains. However pH was not controlled 290 (initial pH was 7.5) and H 2 production rates were low compared to those of mixed cultures. In 291 our investigations C. but. was cultured in a 2.3 l SBR with soluble starch as the sole 292 carbohydrate source (starch concentration calculated as half the COD of the glucose added in 293 MDT medium in order to avoid starch settlement during sterilization). Then using the 294 previous methodology a batch culture with glucose was followed by four sequences carried 295 out successively at pH 5.2, 5.4, 5.6 and 5.8. The hydrogen production yields, presented in 296 figure 5, are similar to those indicated for sequences 7 and 8 in figure 4. The optimal pH level 297 for hydrogen production from starch by Clostridium butyricum CWBI1009, as well as the 298 optimal pH for H 2 production from glucose, are comparable to those found in the literature 299 and vary depending on the substrate [9] [10] [11] . By comparison with the yields recorded for the 300 glucose substrate, the H 2 yields for the starch substrate seem less affected by pH than those 301 for the glucose substrate. By contrast the H 2 production rate from starch decreased sharply at 302 pH levels below 5.6. Moreover, at this optimal pH the hydrogen production rate was about 5 303 times lower than that recorded for glucose substrate. These results highlight the impact of pH 304 on starch hydrolysis and are consistent with the work of Chen showing that the activity of 305 amylases strongly decreases when the pH is close to 5 [30] . Therefore it seems reasonable to 306 suggest that starch hydrolysis could be the rate-limiting step for H 2 production and that pH 5.6 307 is optimum for the overall enzymatic and metabolic kinetics. This is in close agreement with 308 earlier works [18, 31, 32] . 309 310 311
The metabolites released during each sequence at different pH levels are shown in figure 5  312 and the carbon balance in Table 4 . When determining the VFA concentrations at the end of 313 starch fermentation, maximum acetate (6mM) and butyrate (8.3mM) concentrations were 314 observed at pH 5.4. It was also at this pH level that lactate (0mM), formate (4.9mM) and 315 ethanol (1.4mM) were at their lowest concentration. Likewise for H 2 production from glucose 316 substrate (sequences 7 and 8 in table 4), butyrate and acetate are the major metabolites and 317 about 70 % of the starch is converted into VFAs or ethanol . Whereas lactate and formate 318
were not produced with the glucose substrate at optimal pH, 10 % of the starch was converted 319 into formate whatever the pH level. The butyrate/acetate ratio, i.e. about 1.3, mentioned by 320
Chen et al. [9] is similar to those calculated from the data in figure 5, but it was lower than 321 those obtained during the glucose fermentation (1, 8) . In addition they also analyzed propionic 322 and valeric acids that were not detected in our cultures. 323 324 325 326
Conclusions

327
In this study the strain Clostridium butyricym CWBI1009 was characterized as a new 328 hydrogen-producing strain and some culture conditions (pH, substrates and operation mode) 329
were optimized to maximize production of hydrogen. The first step was to determine the 330 optimal pH for cultures using glucose or starch as the substrate. The results confirm that low 331 pH variations caused large variations in the activity of hydrogenases and metabolic pathways 332 [14, 33] . For glucose the maximum yield (1.7 mol H 2 mol -1 glucose) was measured at pH 5.
333
For starch a maximum yield of 2.0 mol H 2 mol -1 hexose and a maximum production rate of 15 334 mol H 2 mol -1 hexose h -1 , were obtained at pH 5.6 These results are relevant to the prospects 335 for using effluents from agro-food industries as an organic substrate for fermentative H 2 336 production. However since such effluents often contain various different substrates, 337 determining and maintaining an optimum intermediate pH level will be crucial to achieve 338 efficient fermentation of the substrate mixture. For instance a sharp decrease (80%) in the 339 hydrogen production rate for starch occurred when the pH decreased from 5.6 to 5.2, while 340 the yield only declined by 14%. 
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